Recent theory predicted that the Quantum Spin Hall Effect, a fundamentally novel quantum state of matter that exists at zero external magnetic field, may be realized in HgTe/(Hg,Cd)Te quantum wells. We have fabricated such sample structures with low density and high mobility in which we can tune, through an external gate voltage, the carrier conduction from n-type to the p-type, passing through an insulating regime. For thin quantum wells with well width d < 6.3 nm, the insulating regime shows the conventional behavior of vanishingly small conductance at low temperature. However, for thicker quantum wells (d > 6.3 nm), the nominally insulating regime shows a plateau of residual conductance close to 2e 2 /h. The residual conductance is independent of the sample width, indicating that it is caused by edge states. Furthermore, the residual conductance is destroyed by a small external magnetic field. 
The theoretical prediction of the intrinsic spin Hall effect in metals and insulators (1, 2, 3) has generated great interests in the field of spintronics, since this effect allows for direct electric manipulation of the spin degrees of freedom without a magnetic field, and the resulting spin current can flow without dissipation. These properties could lead to promising spintronic devices with low power dissipation.
However, beyond the potential technological applications, the intrinsic spin Hall effect has guided us in the search for new and topologically non-trivial states of matter. The quantum Hall state gives the first, and so far the only example of a topologically non-trivial state of matter, where the quantization of the Hall conductance is protected by a topological invariant. The quantum spin Hall (QSH) insulators (4, 5, 6 ) have a similar, but distinct non-trivial topological property. The QSH insulators are invariant under time reversal, have a charge excitation gap in the bulk, but have topologically protected gapless edge states that lie inside the bulk insulating gap. This type of insulator is typically realized in spin-orbit coupled systems; the corresponding edge states have a distinct helical property: two states with opposite spin-polarization counterpropagate at a given edge (4, 7, 8) . The edge states come in Kramers' doublets, and time reversal symmetry ensures the crossing of their energy levels at special points in the Brillouin zone.
Because of this energy level crossing, the spectrum of a QSH insulator cannot be adiabatically deformed into that of a topologically trivial insulator without helical edge states; therefore, in this precise sense, the QSH insulators represent a topologically distinct new state of matter.
It has been proposed theoretically that HgTe/(Hg,Cd)Te quantum wells provide a natural realization of the quantum spin Hall effect (6) . In zincblende-type semiconductor quantum wells, there are four relevant bands close to the Fermi level. The E1 band basically consists of the two spin states of the s orbital, while the HH1 band basically consists of the |p x + ip y , ↑ and | − (p x − ip y ), ↓ orbitals. The effective Hamiltonian near the Γ point is given by
where σ i are the Pauli matrices, and
Here, k x and k y are momenta in the plane of the 2DEG, while A, B, C, D are material specific constants. Spin-orbit coupling is naturally built-in in this Hamiltonian through the spin-orbit coupled p orbitals |p x + ip y , ↑ and | − (p x − ip y ), ↓ . Two dimensional materials can be grouped into three types according to the sign of the Dirac mass parameter M . In conventional semiconductors such as GaAs and CdTe, the s-like E1 band lies above the p-like HH1 band, and the mass parameter M is positive. Semi-metals such as graphene (9, 10) are described by a massless Dirac model with M = 0, although the bands have a different physical interpretation.
In so-called "inverted" semiconductors such as HgTe, the s-like orbital lies below the p-like orbitals; therefore, the Dirac mass parameter M in the HgTe/(Hg,Cd)Te quantum wells can be continuously tuned from a positive value M > 0 for thin quantum wells with thickness d < d c to a negative value M < 0 for thick quantum wells with d > d c . A topological quantum phase transition occurs at d = d c , where the system is effectively described by a massless Dirac theory just like for graphene. The nature of this quantum phase transition has also been investigated in more realistic models beyond the simple four band model presented here, reaching the same conclusion (11).
The QSH phase occurs in the inverted regime where M < 0, i.e., when d > d c . The sample edge can be viewed as a domain wall of the mass parameter M , separating the topologically non-trivial phase with M < 0 from the topologically trivial phase with M > 0, which is adiabatically connected to the vacuum (12). Massless helical states are confined on the sample edge.
The sample has a finite conductance even when the Fermi level lies inside the bulk insulating gap. Therefore, as suggested in Ref. voltages, enabling us to gate the samples through the gap from n-type to p-type conductance.
The change in carrier type can be monitored from Hall experiments, as shown in Fig. 1A for a large
Hall bar with a well width of 6.5 nm, at 30 mK. The change in carrier type is directly reflected in a sign change of the slope of the Hall resistance R xy , and we can directly infer that the carrier density varies from n = 1.2 × 10 11 cm −2 at gate
.0 V. At modest magnetic fields, for both n-type and p-type channels, R xy exhibits quantum Hall plateaus, indicative of the good quality of the material, until at fields above ca. 3 T the last Landau level is depleted.
Remarkable transport behavior is observed for -1.9 V ≤ V g ≤ -1.4 V (see in particular the green and the red traces in Fig. 1 ), where the sample is insulating at zero magnetic field (i.e., the Fermi level is in the gap). For these gate voltages, we observe that the sample undergoes a phase transition from an insulating state to a QH state with a quantized Hall conductance of
field. The sample remains in the QH state for a few more T, and then becomes once again insulating. We have observed this phenomenon in a number of samples in the inverted regime, with 6.5 nm < d < 12 nm.
The phase transition from an insulating state to a QH state is a non-trivial consequence of the inverted band structure of the QSH insulator, and can be explained by the level crossing of the E1 and HH1 Landau levels, which can be directly obtained from the minimal coupling of the simple Dirac model Eq. 1 to a perpendicular magnetic field B ⊥ . If we only consider the orbital effects of the magnetic field, two series of Landau levels are obtained from the upper and lower 2 × 2 blocks of Hamiltonian, Eq. 1, in which the two levels closest to the Fermi energy are given
c , with l c ≡ h/(eB ⊥ ). Thus the condition for level crossing is given by
Generally, the B parameter is always negative, therefore, we can see that the level crossing occurs only in the inverted region with M < 0. In the pure two terminal geometry, with only source and drain contacts (contacts 1 and 4, inset Fig 1A) , the two counter propagating helical edge states at one given edge connect the chemical potential from the source and drain, respectively, and they are not in equilibrium with each other because the elastic backscattering vanishes between these two channels. In We estimate the inelastic mean free path to be l in > 1µm at our measurement temperature.
Therefore, for the large sample (II), where the distance between the voltage probes exceeds the inelastic mean free path l in , we expect the residual resistance to be higher, consistent with the experimental measurement shown in the trace (II) in Fig. 4 .
Another intriguing observation is that the QSH effect is destroyed by applying only a small magnetic field perpendicular to the 2DEG plane. 
